Plants survive adversity by integrating growth responses to diverse environmental signals[@b1][@b2][@b3]. Active protection strategies for overcoming adversity offer more opportunities for improving the service life of materials and machines[@b4]. Active protection strategies commonly implement multiple mechanisms simultaneously, such as in maize[@b5], nicotiana[@b6], arabidopsis[@b7], acacia[@b8] and cotton[@b9]. Generally, most deserts have strong windy conditions, but tamarisk (*Tamarix aphylla*), which has adapted to such blustery conditions, suffer only minor scratches, thereby proving that it has developed high erosion resistance.

The surface cracks of trees, ring eccentricity and biomechanical properties are the most common physical phenomena observed during trees growth. In many cases, the surface cracks are normal physical phenomenon when the trees grow. Tree ring asymmetry develops during growth as an adaptive response to changes in loading[@b10]. Trees are sessile organisms that are susceptible to environmental fluctuation. During tree growth, the branches need to adapt to increasing gravitational[@b11] or windy[@b12][@b13] loads that bend the branch downwards. Furthermore, trees growing on slopes transformed by mass movements are tilted[@b14]. Given that more materials are added to the lower side of branches, the cross-section of the branches show rings with pronounced radial eccentricity[@b15][@b16]. The biomechanical properties of trees are extremely complex because these organisms change their size and shape and the material properties of their stems as they grow in size and height[@b17]. A study on the relationships between growth stress and several morphological parameters in Beech (*Fagus sylvatica L.*) showed that, in the case of a small inclination, growth stress is as close to expected to the biomechanics of restoring verticality. In comparison, trees that exhibit a larger inclination probably evolve a different mechanical solution: a rather large crown, lower tree slenderness, and a sufficient asymmetry in growth stress to prevent a high inclination because of growth[@b18]. However, the relationships among the surface morphological cracks, internal structure, and biomechanics of the tamarisk have not been investigated.

This study investigated the relationships among surface cracks, eccentric structure, and biomechanics of the tamarisk to understand its active anti-erosion protection strategy. Surface crack is one of the characteristics of the tamarisk which enables it to adapt to the wind--sand erosion. The emergence of surface cracks reduces surface growth stress and promotes cell division and results in eccentric growth, which, in turn, promotes the cracks.

Results
=======

Erosion test in the windward and leeward sides of tamarisk surface
------------------------------------------------------------------

To analyze the effect of wind and sand on the growth of tamarisk, the surface and internal erosion of tamarisk in the windward and leeward sides were compared. [Figure 1a](#f1){ref-type="fig"} shows the surface erosion rates of the samples with different diameters after reaching their steady state. The erosion rates on the windward side were much lower than those on the leeward side of the tamarisk surface with different diameters. This result indicates that the windward side of tamarisk trees have greater erosion resistance against sandstorms. To study the erosion without the surface morphology, the erosion rates of the different internal positions of the tamarisk with a 14 mm diameter (*S2* in [Fig. 1a](#f1){ref-type="fig"}) were tested, as shown in [Fig. 1b](#f1){ref-type="fig"}. The erosion rate of the transition zone (I2) was lowest and the erosion rate of the windward side (I1 zone) was considerably lower than that of the leeward side (I3 zone).

Surface crack and cross-sectional structure of tamarisk
-------------------------------------------------------

The appearance and structure of tamarisk trunks were the result of environmental stimulation. [Figure 2](#f2){ref-type="fig"} shows the surface cracks of the windward and leeward sides of the tamarisk trunks and the corresponding cross-sectional microscopic structures. Cracks were absent in both the windward and the leeward sides in the trunks with smaller diameters, as shown in the top and middle panels of [Fig. 2a](#f2){ref-type="fig"}. The cracks in the windward appeared on the trunk that grew to a certain size (top panel in [Fig. 2b](#f2){ref-type="fig"}), but the cracks on the leeward side were absent (middle panel in [Fig. 2b](#f2){ref-type="fig"}). When the trunks grew to sufficient sizes, the quantity and size of the cracks in the windward side were greater and larger than those on the leeward side of the same position of the same trunk, as shown in the top and middle panels of [Figs. 2c--2e](#f2){ref-type="fig"}.

The cross sections of the trunks with different diameters were eccentrically shaped, as shown in the bottom panel of [Figs. 2a--2e](#f2){ref-type="fig"}. Tamarisk subjected to stimulation during growth developed narrower rings, producing very thin rings during dry years and thick rings during wet years. The eccentric growth of tamarisk was related to environmental stimulation. The pith or centre was far away from the windward side. The rings in the windward side were significantly wider than those in the opposite side. The wider rings exhibited the same orientation, with multiple cracks.

Anatomical variations in the same growth ring were observed and investigated under a microscope. The cross-sectional cell structure in the windward side, the transition zone between the windward side and the leeward side, and the leeward side of the same ring are shown in [Figs. 3a, 3b; 3c, 3d; and 3e, 3f](#f3){ref-type="fig"}, respectively. The transverse section reveals large vascular cells in the same ring were almost the same size between the windward side and the leeward side ([Figs. 3a, 3c, and 3e](#f3){ref-type="fig"}). However, the large vascular cells in the windward side were healthier than those in the leeward side. The changes in cell number within the tissue directly demonstrated cell division. The partially enlarged photos show that the tiny vascular cells were uneven, round, oval, and strip ([Figs. 3b, 3d and 3f](#f3){ref-type="fig"}). However, the sizes of the tiny vascular cell were similar between the windward side and the leeward side. Histologic observations indicated that the eccentric growth was dominated by cell division.

Ring width and biomechanics in the cross sections
-------------------------------------------------

The rings in the windward side were wider than their corresponding continuation in the leeward side ([Fig. 4](#f4){ref-type="fig"}). The width of the windward side was about twice that of the leeward side. The ring widths of the windward or leeward side were different because the rings were affected differently by annual environmental conditions. Different years were subject to different environmental effects in the windward or leeward side.

Nanoindentation was used to study the biomechanics, modulus, hardness and stress of the tamarisk and understand the relationships among its surface morphology, internal structure, and biomechanics. [Figure 5a](#f5){ref-type="fig"} shows experimentally determined load--displacement curves obtained for indentations at a maximum depth of 500 nm. Compared to the stress-free loading curve, the figure shows that the load required to penetrate up to 500 nm increases for compressive residual stress while an opposite effect is obtained for tensile residual stress, that is, the load decreases. The shape of the loading curve had changed correspondingly. [Figure 5b](#f5){ref-type="fig"} shows the modulus and hardness obtained from the nanoindentation experiments. Modulus and hardness increased from edges to pith, from points *1* to *8* and from *12* to *9*. Average modulus and hardness of the windward side were higher than those of the leeward side. [Figure 5c](#f5){ref-type="fig"} shows the residual stress variation in the tamarisk cross section. The origins of growth stress have been extensively analyzed. The maturation of cells and meristem caused growth stress[@b19][@b20]. During maturation, the newly formed cells that grow on the stem periphery every year, contracted longitudinally, whereas the already formed lignified cells impeded this contraction. This resistance to contraction caused tension, which contributed to the protection of new cells from bruising. The stress within the tree tissues attained equilibrium[@b21]. In accordance with the theory by Kübler[@b22], growth stress was highest at the stem periphery. A tension zone formed closest to the bark and a compression zone formed nearest the centre of the tamarisk trunk, resulting in a tension-free line (red line of [Fig. 5c](#f5){ref-type="fig"}) between the two zones. However, the stress on the windward side initially (from points *1* to *3*) increased and then (from points *3* to *8*) decreased. The maximum tension stress occurred at the subsurface on the windward side.

Discussion
==========

Surface erosion caused by particles during the flow wear of particulates was reduced by the crack on the surface. Studies on the surface morphology of the carapace of the desert scorpion[@b23][@b24] and the non-smooth surface morphology of ribs[@b25][@b26] showed that the grooved surface has better erosion resistance than the non-grooved one. Grooves can enhance fluid turbulence, which leads to a change of the flow field around the groove surface and, subsequently, a change of the particle motion pattern. Some particles leave the surface along with air flow without impact, and these particles impact the surface if the surface is smooth. Therefore, the number of particles impacting the surface decreases. As a result of the decrease in flow velocity, the velocity of particles in the two-phase flow decreases as well. Rotating flow in the groove can absorb particle energy that is used for impacting and correspondingly reduces the energy used in impact. Based on the above mechanism of erosion resistance of the grooved surface, the grooved pattern, that is, the cracks on the surface of the tamarisk body, clearly contributes to erosion resistance.

According to the micro-cutting theory of Finnie[@b27][@b28], the erosion weight loss of the ductile material is directly proportional to the elastic modulus. Therefore, the windward side (internal, excluding bark) has better anti-erosion than the leeward side because the elastic modulus of the windward side is larger than that of the leeward side ([Fig. 1b](#f1){ref-type="fig"}). High elastic modulus is another important reason for the erosion resistance in the tamarisk.

The tamarisk has high wind--sand erosion resistance. Meanwhile, wind--sand erosion affects the internal directional growth (eccentricity) of the tamarisk. In addition, the eccentric growth is caused by the fast cell division. Eccentric growth of trees is affected by external conditions, such as snow pressure, competition of adjacent trees, and topography, et al[@b29][@b30]. In this study, vertical tamarisks were collected on a flat terrain to eliminate the influence of these factors. The eccentric growth of the tamarisk was observed for the entire cross-section or all the rings. However, the position of the maximum ring width does not always move in one particular direction. It appears to be distributed randomly in the cross-section ([Fig. 6](#f6){ref-type="fig"}), though the directions are directed at the windward side. Wind--sand erosion occurring at exactly the same direction every time is impossible. In other words, wind--sand erosion does not occur at the same position of the tamarisk every time. Therefore, a deviation phenomenon occurs, such that the maximum width directions of the rings are different. We can speculate that the eccentric growth is caused by wind--sand erosion, which is well verified in the bottom panels of [Fig. 2a](#f2){ref-type="fig"}. The sizes of the large or tiny vascular cell are the same in the windward and leeward sides. The internal asymmetric growth of the tamarisk is due to the quantity of large and small vascular cells. The number of cells in the windward side is greater than that in the leeward side. The number of cells is associated with the cell division rate; that is, the higher the cell division rate, the greater the number of cells. The directionality growth of the tamarisk is caused by fast cell division. That is, the eccentric growth of organization is caused by fast cell division.

Study the relationships among surface cracks, eccentric growth, and growth stress is important to understand the active protection strategy of the tamarisk. We proposed a potential mechanism to characterize the structure--function relationship in this self-adaptive process for wind--sand erosion. [Figure 7](#f7){ref-type="fig"} shows the relationships among surface cracks, ring eccentricity, and growth stress. Ring growth is symmetrical under normal growth conditions, as shown in [Fig. 7a](#f7){ref-type="fig"}. The cell division rate of the cambium (the growth layer between the bark and the xylem) increases when tamarisk is under stimulation from the external environment[@b31]. It subsequently produces thicker rings[@b32], and the surface growth stress simultaneously increases ([Fig. 7b](#f7){ref-type="fig"}). The stimulated site grows the cracks under increasing growth stress ([Fig. 7c](#f7){ref-type="fig"}). The cracks reduce the surface stress. The inner tissues are maintained under compression, but the outer tissues are under equivalent tension. In this case, growth anisotropy is dictated by the inner tissues, whereas the isotropic outer epidermal wall provides the major resistance to growth[@b33]. Therefore, the surface stress is released because of the emergence of scars, which benefits rapid tamarisk growth. The leeward side exhibits slower growth than the normal one because the windward side undergoes rapid growth, which absorbs the majority of nutrients. The tamarisk growth rings exhibits asymmetric growth, and the growth and crack form at the same time ([Fig. 7d](#f7){ref-type="fig"}). Consequently, the external and internal stresses attain equilibrium. Cracks form earlier on the windward bark because of the rapid development of the new bark. The structural elements undergo controlled orientation, which leads to anisotropy that matches traction adaptation to environment directions[@b34]. This phenomenon also explains why the windward side stress initially increased and then decreased in [Fig. 5c](#f5){ref-type="fig"}. The cracks promote stress reduction, in turn, promotes cell division. Cell division then promotes growth of eccentricity, which promotes the cracks. Specifically, the cracks in the windward side are larger and more numerous than those in the leeward side of the same trunk.

Our study explains that the tamarisk forms its surface morphology and elastic modulus with active protection itself through the use of wind--sand erosion, and verifies that wind--sand erosion promotes the growth of eccentric rings by changing growth stress. The emergence of surface cracks on the tamarisk reduces surface growth stress, which promotes fast cell division. A fast cell division results in internal eccentric growth, which directly affects the directionality of surface morphology and promotes the formation of surface cracks. The tamarisk improves erosion resistance by using surface cracks. These characteristics are valuable in designing materials surfaces because they effectively extend the lifetime of products[@b36]. Understanding of fundamental mechanism for growth processes in biological systems that respond and adapt to external mechanical stimuli is significant to the development of advanced functional surfaces[@b35][@b36][@b37][@b38].

Methods
=======

Sample collection
-----------------

Tamarisk was collected in Baicheng City, Jilin Province, China (121°--124°22′ E; 44°13′--46°18′ N). The climate in Baicheng City is temperate continental monsoon in the Eurasian Centre. The average annual number of gale weather days is 24, and the average annual number of days with gale (less than grade 8) weather is 47. The annual average wind speed is up to 3.7 m/s[@b39]. The zonal soil types include gray desert soil, sandy clay loam, and sand soil. The annual average prevailing wind direction is south--southwest.

None of the trees completely grew vertically. Therefore, the tamarisk samples that leaned slightly (\<5° at the base of the tamarisk), were collected to analyze the relationship between ring growth and wind--sand direction. The different trunks were approximately 8 mm to 44 mm in diameter.

Erosion test
------------

The erosion wear test system was designed to study erosion wear according to the American Society for Testing Materials (ASTM)--G76--83 standard[@b23]. The erosion test samples were 20 mm long. Three samples were tested for the same diameter trunk. The samples were initially eroded for 2 min to reach the steady--state erosion, which avoided adverse effects and ensured the accuracy of the test results. Erosion weight loss data were recorded every 10 s. [Table 1](#t1){ref-type="table"} lists the erosion wear test conditions. Erosion rate was defined as the weight loss per unit time and per unit projected area (g/mm^2^·s^−1^).

Nanoindentation experiments
---------------------------

Residual stress is defined as the stress that remains in a material without the application of an external load. Nanoindentation (Nano Indenter G200, Agilent Technologies Inc.) deforms materials at a very small scale and allows the determination of residual stress at the micro/nanoscale[@b40][@b41]. Nanoindentation was used to measure the residual stresses in tamarisk. The residual stress in the tamarisk cross sections were calculated using the load--displacement data obtained during indentation. During the nanoindentation tests, the Poisson\'s ratio was set to 0.45, the peak hold time was 20 s, the strain rate was 0.1 s^−1^, and the unload strain rate was 0.5 s^−1^.

The samples used for the nanoindentation test were obtained from areas on the tamarisk surface with no cracks. Before the tests, the tamarisk cross section were cleaned with ethanol (95%), dried at room temperature (25°C). Tamarisk sample was cut into 2 mm wide strip, as shown in the inset of [Fig. 2a](#f2){ref-type="fig"}. Then it was inlaid into epoxy resin. The epoxy resin was cured at room temperature for 24 hours. The sample was cut and carefully polished into 2 mm thick sections. Given the porous surface, the imperforated or cellular region was considered to reflect the stress accurately and comprehensively.

Modulus, hardness, and residual stress were calculated from the measured indentation depth--load curve using the Oliver--Pharr and Suresh methods[@b42][@b43][@b44]. The calculation of residual stress required a stress-free point as a reference. The hardness of different positions of the tamarisk interior was different. Meanwhile, indentation depth was larger or smaller under the action of stress than under the stress-free state. The nanoindentation depth parameter was set to 500 nm in the test. Considering the hardness and indentation depth factors, the point where the hardness and indentation depth were near the average hardness and 500 nm respectively was defined as the stress-free reference point[@b45]. The following procedure is recommended to extract residual stresses, identify their sign (i.e., tensile or compressive), and identify the magnitude of residual stresses.

Indentation load decreases due to the release of compressive residual stress at a fixed penetration depth. Indentation load increases due to the release of tensile residual stress at a fixed penetration depth. The unloading curve can be fully described by the gradient of the initial part of the curve. Thus, the area of contact *A* can be obtained. where *S* is defined as the slope of the upper portion of the unloading curve during the initial stages of unloading (also called the contact stiffness), *P*~max~ is the maximum load, *ε* is a constant that depends on the geometry of the indenter, *ε* = 0.75 for the Berkovich trigonal pyramid indenter, and *h*~s~ is the amount of sink-in. where *h*~c~ is the depth along which contact is made between the indenter and the specimen, and *h*~max~ is the maximum displacement. where *A* is the contact area for the surfaces. The coefficients for the area function are *C*~0~ = 24.65, *C~1~* = 202.7, *C~2~* = 0.03363, *C~3~* = 0.9318, *C~4~* = 0.02827, *C~5~* = 0.03716, *C~6~* = 1.763, *C~7~* = 0.04102, and *C~8~* = 1.881. where *P*~ave~ is the average contact pressure.

For the tensile residual stress For the compressive residual stress where *A*/*A*~0~ is the area ratio, with and without residual stresses, and *α* = 24.7° for the Berkovich trigonal pyramid indenter.

Micrograph analysis
-------------------

The transverse sections of the tamarisk stem were obtained using a hand sectioning method. The cross-section micrographs were observed under light microscopy (SteREO Discovery V12, Carl Zeiss). After gold coating, SEM studies were completed using a JSM--5600LV, JEOL.
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![Erosion rates of the windward and leeward side surfaces of samples with different diameters and internal different positions.\
(a) (*S1--S2*) The diameters were approximately 8, 14, 24, 30, and 44 mm, respectively. (b) (*I1--I3*) The internal different positions with diameter 14 mm (*S2*).](srep03429-f1){#f1}

![Surface crack and asymmetric radial cross-section.\
Panels (a)--(e) show the surface cracks of the windward and leeward side and the corresponding cross-sectional microscopic structures. The diameters of the samples were approximately 8, 14, 24, 30, and 44 mm, respectively. (a) Cracks were absent in both the windward side and the leeward side. (b) Cracks started to appear in the windward, but not in the leeward side. The number and size of the cracks gradually increased with increasing trunk diameter. The cracks in the windward side were larger and more numerous than those in the leeward side of the same trunk, respectively (c--e). The piths of tamarisk with different diameters were far away from wind direction, or windward side (bottom, a--e). Scale bars, 4 mm (a); 7 mm (b); 8 mm (c); 15 mm (d), and 22 mm (e).](srep03429-f2){#f2}

![Anatomic observation of the cross section of samples in [Fig. 2b](#f2){ref-type="fig"}.\
(a) Transverse section optical micrograph of tissues from the windward side. The red box was magnified (b) through scanning electron microscopy (SEM). (c) Transverse section optical micrograph of tissues from the transition zone between the windward side and the leeward side. The red box was magnified (d) through SEM. (e) Transverse section optical micrograph of the tissues from the leeward side within the same ring as the windward side specimen. The red box was magnified (f) through SEM. The insets on panels (b), (d), and (f) show highly magnified SEM micrographs of tiny vascular cells. The cell wall thickness remained unchanged. Ring width gradually deceased from the windward side to the leeward side. Scale bars, 500 μm (a), (c), and (e); 20 μm (b), (d), and (f); and 5 μm in the insets.](srep03429-f3){#f3}

![Characteristics of the tamarisk cross section in [Fig. 2b](#f2){ref-type="fig"}.\
Ring width of tamarisk in the windward and leeward sides. (*A*--*G*) Rings from the pith to the edges.](srep03429-f4){#f4}

![Biomechanics of the tamarisk cross section in [Fig. 2b](#f2){ref-type="fig"}.\
(a) Representative nanoindentation load--displacement curves at 500 nm indentation depth. The inset shows the positions of indentation. Nanoindentation was tested from the pith to the edges on both sides. The distance between the two points was 1 mm. Each point was tested 10 times on nearby areas to calculate the standard deviation. (b) Modulus and hardness of the different positions. The modulus and hardness of the windward side were higher than those of the leeward side. (c) Distribution of residual stress from the windward side to the leeward side. The red line represents stress-free. The top and bottom zones denote the tensile residual stress and the compressive residual stress zone, respectively. Residual stress in the stem with tension compression forces was equilibrium. The edge of the tamarisk trunk was subjected to tensile stress, and the inner part was subjected to compressive stress.](srep03429-f5){#f5}

![Relationships among wind--sand erosion, eccentric growth, and tissue growth.\
Red arrows mark the position of maximum ring width. *W*~1max~ and *W*~1min~ are the widest and the narrowest of the first ring, respectively; *W*~2max~ and *W*~2min~ are the widest and the narrowest of the second ring, respectively. The directions of *W*~1max~ and *W*~2max~ are different. Blue arrows mark the vascular cells. The sizes of the large or tiny vascular cells in the windward and leeward sides are the same.](srep03429-f6){#f6}

![Schematic diagram of the relationships among surface cracks, ring eccentricity, and growth stress.\
(a) Tamarisk grows symmetrically with no erosion. The yellow circle represents the cambium. The outer and inner parts are the cambium and xylem, respectively. The initial near--surface tensile stress in the bark is σ~0~. (b) Tamarisk begins to grow after wind--sand erosion. The newborn ring on the windward side (L~0~) is thicker than that on the leeward side (L~1~). The near--surface tensile stress is σ~1~ after wind--sand erosion, and σ~0~ is greater than σ~1~. (c) The cracks are most likely towards the direction of the rapid growth. The surface tensile stress of the windward is reduced. The cambium has lower growth resistance; thus, its growth rate is higher. The surface stress is by the presence of cracks, that is, the surface stress σ~1~ is greater than σ~2~. (d) Growth and crack formation occur at the same time. The rings (L~2~) on the windward side are thicker than the newborn rings (L~0~).](srep03429-f7){#f7}

###### Erosion wear test conditions

  Erosion particles    Particle diameter (mesh)   Pressure of air compressor (MPa)   Mass flow rate (g/s)   Impact angle (°)
  ------------------- -------------------------- ---------------------------------- ---------------------- ------------------
  Quartz sand                   40--70                       0.50--0.55                       25                   90
